Introduction
Diabetes mellitus is a potent risk factor for the development of premature and widespread vascular disease. This risk is greatly accentuated by the coexistence of hypertension. In addition, predisposition to hypertension may be an important determinant in a subset of diabetic patients who subsequently develop complications such as diabetic nephropathy and associated vascular disease ( 1, 2 Multiple abnormalities in cell membrane transport have been described in hypertension, the most reproducible being an elevation in Na+/Li+ countertransport (3) (4) (5) . The striking similarities between Na+/Li' countertransport and the physiological Na+/H+ antiport have led to the assumption that Na+/ Li+ countertransport is one mode of operation of the ubiquitous Na+/H+ antiport (6, 7) . In support of this concept, the activity of the Na+/H+ antiport has been shown to be increased in erythrocytes, leukocytes, and platelets from patients with essential hypertension and in lymphocytes and vascular smooth muscle cells (VSMC)' from the spontaneously hypertensive rat (8) (9) (10) (11) (12) (13) .
There are notable similarities in the abnormalities of membrane cation transport from patients with essential hypertension and patients with diabetes mellitus who have developed vascular complications. For example, increased erythrocyte Na+/Li+ countertransport and increased leukocyte and fibroblast Na+/H+ antiport activity have been demonstrated in type I diabetic patients with hypertension and nephropathy (2, (14) (15) (16) . The fact that this disturbance in membrane cation transport is common to both hypertension and diabetes has led to the suggestion that increased activity of the Na+/H+ antiport may play a role in the pathogenesis of hypertension and vascular disease in patients with diabetes mellitus (2, 14, 15) .
The mechanisms responsible for diabetes-induced increases in Na+/H+ antiport activity are unknown. Calcium/ phospholipid-dependent protein kinase C (PKC) activity plays an important role in the regulation of Na+/H+ antiport activity in many tissues ( 17, 18) . Of interest, many of the physical and functional abnormalities demonstrated in cell membranes from hypertensive patients, including Na+/H+ antiport activation, can be reproduced by the activation of PKC ( 11) . With regard to diabetes mellitus, more recent studies have shown that the PKC inhibitor staurosporine can restore to normal the previously elevated leucocyte Na+/H+ antiport activity ofdiabetic patients, thereby suggesting that diabetes-induced increases in Na+/H+ antiport activity may be dependent on PKC activation (19) . Diabetes mellitus is characterized by the development of hyperglycemia, and we have recently shown that elevated extracellular glucose concentrations (20 mM) induce a sustained activation of PKC in cultured VSMC (20, 21 ) . Together, these observations prompt the hypothesis that metabolic factors, in particular, hyperglycemia could directly influence the activity of the Na+/H+ antiport in the vasculature ofdiabetic patients via glucose-induced activation ofPKC. Examining this hypothesis in vivo would be hindered by the fact that the development of hyperglycemia is invariably associated with many humoral and metabolic changes, each of which could independently influence the activity of PKC and/ or the Na+/H+ antiport in vascular tissue. The present study thus utilizes an in vitro cell culture system to examine the direct effects of elevated extracellular glucose concentrations on Na+/H' antiport activity and steady-state Na+/H+ antiport mRNA levels in cultured VSMC. In addition, the role of glucose-induced PKC activation as a mediator ofglucose-induced changes in vascular Na+/H' antiport activity is determined.
Methods
Culture ofrat VSMC. Aortic VSMC were isolated from Sprague-Dawley rats and cultured and characterized as previously described in detail (20, 21) . For Na' uptake experiments VSMC were grown on 35-mm culture plates in MEM (Gibco, Grand Island, NY) supplemented with 2 mM L-glutamine, 2 g/liter NaHCO3, 100 U/ml penicillin, 100 Mg/ml streptomycin, and 10% FCS in an incubator at 370C in 95% humidified air and 5% Co2. Every 5-10 d, the cells were passaged after trypsin EDTA harvesting. For all experiments, second through sixth passaged VSMC were used.
Experimental design. VSMC were grown to confluence in the culture medium described above. The medium was then removed and replaced with one offour "test media" for 3 h (short-term exposure) or 24 h (sustained exposure). The test media comprised:
(a) Control medium: standard tissue culture medium as described above, with a normal D-glucose concentration of 5 mM.
(b) High glucose medium: this was similar to control medium except that it was supplemented with D-glucose to increase its concentration to 20 mM.
(c) L-glucose osmotic control medium: this was similar to control medium but supplemented with the cell permeable but poorly metabolized hexose, L-glucose 15 mM.
(d) Mannitol osmotic control medium: this medium was similar to control medium but was supplemented with the relatively impermeable and nonmetabolized hexose, mannitol 15 mM. The latter two media served as osmotic controls for the high-glucose medium.
Measurement of 22Na' uptake by VSMC. After exposure to the various test media, VSMC monolayers were washed with a bicarbonate and sodium-free balanced salt solution. This "sodium-free buffer" contained choline chloride 135 mM, KCl 5 mM, CaCl22 mM, MgSO4 1 mM, Hepes 5 mM (pH 6.9), ouabain 2 (24) . VSMC were loaded with the acetoxymethyl derivative of BCECF (5 ,uM) for 20 min at 37°C in solution A as noted below (pH 7.4). The cell-coated coverslip was then placed in a plastic cuvette in a Deltascan model 4000 fluorescence spectrometer (Photon Technology International Inc., South Brunswick, NJ) and perfused at 12 ml/min with solutions at 37°C as shown in Fig. 1 . All solutions contained 1 mM MgCl2, 1 mM CaCl2, 2 mM D-glucose, 7 mM Hepes, I mM KH2PO4 and 4 mM K2HPO4. Solution A contained 145 mM NaCl and 5 mM KC1. Solution B contained 145 mM N-methyl-D-glucamine (NMDG-Cl) and 5 mM KC1. Solution C contained 120 mM NMDG-Cl, 25 mM NH4Cl, and 5 mM KC1. pH, was calculated from the ratio of fluorescence at excitation wavelengths 495 and 440 nm and emission at 535 nm. Calibration of the BCECF excitation ratio for each experiment was determined using the K+/nigericin technique as previously described (24) .
VSMC Na+/H+ antiport activity was calculated from the initial rate ofNa+-dependent pHi recovery after an acid load in the absence of C02/HCO3. Typical tracings with and without amiloride (1 mM) are depicted in Fig. 1 . The Na+-dependent pHi recovery after an acid load was inhibited 90% by 1 mM amiloride. The initial rate of Na+-dependent pHi recovery (dpHI/dt) was calculated from a line drawn tangential to the initial 30-s deflection after return of Na+ to the perfusate. and A pHi is the pHi change on removal of NH' (25) .
Assay ofPKC activity in VSMC. The methods used by our laboratory for the in-situ measurement and characterization of PKC activation in VSMC has been previously described in detail (20, 21 ) . Briefly, VSMC were seeded into 96-well microtiter plates and grown to confluence in control medium. Thereafter, the VSMC were exposed to the test media for 3 or (20) . In addition, the measured PKC activity was retained by the monolayer after permeabilization (PKC activity in the supernatant was 6.6% of total measured PKC activity). This latter finding is consistent with the concept that the PKC activity being assayed was tightly associated with the cell membrane as has been proposed for the active form of the kinase ( 17) . The kinase reaction proceeds for 10 min at 30°C before termination by the addition of 
Results
Effect ofelevated extracellular glucose concentrations on Na+/ H' antiport activity in VSMC. VSMC were exposed to the various test media for 3 h (short-term exposure) or 24 h (sustained exposure) before the measurement of22Na' uptake. Basal pHi was significantly reduced but did not differ after 30 min of exposure to the sodium-free preincubation buffer before measurement of 22Na' uptake by VSMC that had undergone short or sustained exposure to either control or high-glucose media. After a 3-h exposure to the high-glucose medium (20 mM), Na' uptake by VSMC was significantly increased by 53% when compared to Na' uptake by VSMC exposed to control medium (glucose 5 mM) (Fig. 2) . The glucose-induced increase in Na' uptake by VSMC was sustained with continued exposure to the high-glucose medium for up to 24 h. Na+/ H' antiport activity is a major pathway for Na' influx in VSMC and this transport system can be inhibited by the addi- sensitive Na' uptake by VSMC. VSMC were exposed to control medium (glucose 5 mM) or high-glucose medium (glucose 20 mM) for tion of amiloride (31) . Amiloride ( 1 mM) significantly reduced Na+ uptake by VSMC in the presence of control medium and completely prevented the increase in Na+ uptake previously observed in the presence ofthe elevated glucose medium at both 3 and 24 h (Fig. 2 ). These observations suggest that the glucose-induced increase in Na+ uptake by VSMC at both 3 and 24 h, was dependent on activation of the Na+/H+ antiport. Osmotic stress is a recognized stimulus for the activation of the Na+/H+ antiport in various cell types (32) . It was therefore important to determine whether the increased osmolality of the high-glucose medium could account for the glucose-induced activation of the Na+/H+ antiport in VSMC. Table I shows that 3 and 24 h of exposure to two osmotic control media (containing concentrations of L-glucose or mannitol designed to mimic the osmolality of the high-glucose medium) had no significant effect on Na+ uptake by VSMC. This demonstrates that elevated extracellular D-glucose concentrations specifically increased Na+/H+ activity in VSMC via mechanisms independent of changes in extracellular osmolality.
Effects of elevated extracellular glucose concentrations on pH, and intracellular buffering capacity in VSMC. To confirm that elevated glucose concentrations directly and specifically stimulated an increase in Na+ uptake via the Na+/H+ in VSMC, VSMC were exposed to control medium, high-glucose medium, and mannitol osmotic control medium for 24 h before the measurement ofNa+-dependent pHi recovery from an acid load. Fig. 3 and Table II summarize the results of these experiments. 24 h of preexposure to the high-glucose medium significantly increased dpH1/dt, approximately threefold, when compared to VSMC incubated with control medium. These differences could not be accounted for by differences in buffering capacity. Moreover, amiloride inhibited the Na+ dependent recovery in pHi by 90% in the presence of control medium and eliminated the differences between the control and high-glucose medium, confirming the conclusions of the 22Na' uptake studies, i.e., that elevated glucose concentrations directly activate the Na+/H+ antiport in VSMC. Furthermore, Na+-dependent dpHi/dt in the presence ofthe osmotic control medium (mannitol) did not differ from control medium, further confirming that high glucose-induced changes in Na+/H+ antiport activity could not be attribute to changes in extracellular osmolality (Table II) .
Role of PKC activation in mediating glucose-induced increases in Na+/H+ antiport activity in VSMC. PKC has been shown to play an important role in the regulation of Na+/H+ antiport activity in many cell types. We have previously demonstrated that elevated glucose concentrations induce a sustained activation of PKC in VSMC (20) . activation of PKC during the 3-or 24-h incubation with the high-glucose medium. The use of these two PKC inhibitors thus provided a useful experimental tool with which to assess the role of glucose-induced PKC activation in mediating glucose-induced increases in Na+/ H + antiport activity in VSMC.
To do this, VSMC were exposed to control or high-glucose medium for 3 and 24 h in the absence or presence of either of the two PKC inhibitors, before the measurement of 22Na+ uptake by VSMC. Fig. 4 shows that glucose-induced increases in Na' uptake by VSMC were almost completely prevented by inhibition of glucose-induced PKC activation with H-7 or staurosporine. Because H-7 and staurosporine are not specific in their inhibition of PKC, further experiments were performed to clarify the relevance of PKC activation in the mediation of glucose-induced changes in VSMC Na+/H' antiport activity. VSMC were preexposed to PMA (10-' M) for 24 h.
We have previously demonstrated that this maneuver downregulates PKC activity in VSMC (20) . The VSMC were then exposed to either control or high-glucose medium for 3 or 24 h in the continued presence ofPMA. As shown in Table IV , basal Na+/H+ antiport activity was not significantly affected by PKC downregulation, however, both the short-term and sustained high-glucose-induced increase in Na + uptake was significantly attenuated by PKC downregulation. Together, these results suggest that both short-term and sustained glucose-induced increases in Na+/H+ antiport activity in VSMC occur via mechanisms dependent on glucose-induced activation of PKC.
Effects ofcycloheximide and actinomycin-D on glucose-induced increases in Na+/H+ antiport activity. To examine whether gene transcription and protein synthesis were required for the initiation and maintenance of glucose-induced changes in Na+/H+ antiport activity, VSMC were incubated with actinomycin-D (10 nM), an inhibitor of gene transcription or cycloheximide (10 ,uM) , an inhibitor of protein synthesis. Confluent VSMC monolayers were exposed to these two inhibi- experiments.
tors throughout a 3-or 24-h incubation with control or highglucose (20 mM) media. Cycloheximide (10 1M) inhibited protein synthesis by -80% (measured by [3H] leucine incorporation into cell protein). Fig. 5 shows that at 3 h the presence of actinomycin-D or cycloheximide had no effect on high-glucose-induced increases in Na+ / H + antiport activity in VSMC. These results suggest that short-term (3 h) glucose-induced activation ofthe Na+/H+ antiport in VSMC occurs independent of gene transcription or protein synthesis. In contrast, in- (35) . Northern blot analysis revealed an approximately threefold increase in steady-state NHE-1 mRNA concentration normalized for flactin in VSMC after 24 h of incubation with the high-glucose (20 mM) medium when compared with control medium (glucose 5 mM) (Fig. 6 ). There was no difference in steady-state levels of f3-actin mRNA between the control and high-glucose group; thus the increase in the NHE-1 /#l-actin ratio was due to a true increase in the abundance of NHE-1 mRNA. There was no difference in steady-state NHE-I mRNA in VSMC exposed to the control or high-glucose media at 3 h (data not shown). Exposing VSMC to the mannitol osmotic control media for 3 or 24 h did not change NHE-l mRNA levels vs. glucose 5 mM (not shown) confirming that the high-glucose-induced increase in VSMC NHE-1 mRNA was unrelated to changes in extracellular osmolality.
Discussion
The major finding of the present study is that elevated extracellular glucose concentrations exert a significant effect on the regulation of Na4/H antiport activity in vascular tissue. Elevated glucose concentrations compatible with those attained in poorly controlled diabetic patients stimulated an increase in the activity of the VSMC Na4/H' antiport within hours and this effect was sustained for up to 24 h providing the glucose concentrations remained elevated. This effect was specific for D-glucose and was unrelated to changes in extracellular osmolality. In addition, both the acute and longer-term activation of the VSMC Na4/H4 antiport by high glucose were dependent on glucose-induced PKC activation.
The Na4/H4 antiport is a major pathway forthe regulation of Na4 uptake by VSMC (31 ) . Previous studies have emphasized that the activity of Na4/H+ antiport in many cell types, including VSMC, is influenced by the activation of PKC (11, 18, (36) (37) (38) (39) (40) (41) (42) . The present study demonstrates that elevated extracellular glucose concentrations induce a sustained activation of PKC in VSMC. We have previously characterized this effect of glucose in VSMC in detail (20) . Both the short-term and sustained high-glucose-induced activation of the VSMC Na4/H4 antiport appear to be strongly dependent on glucoseinduced PKC activation. This conclusion is based on the fact that two dissimilar inhibitors of glucose-induced PKC activity (H-7 and staurosporine) prevented short-term and sustained glucose-induced Na4/H4 antiport activation. The Na4/H4 antiport has been shown to be regulated by a number ofkinases other than PKC, notably; cAMP-dependent protein kinase and calcium calmodulin-dependent multiprotein kinase (43) . Because neither of the PKC inhibitors used in the present study are entirely specific for PKC, the possibility remained that other kinases that are also nonspecifically inhibited by these agents may have contributed to the glucose-induced response. However, the important role of PKC activation in mediating glucose-induced changes in Na+/H+ antiport activity is further emphasized by our observation that prior downregulation of PKC by prolonged exposure to PMA prevents glucose-induced Na+/H + antiport activation.
The finding that short-term (3 h) exposure to high glucose produces a PKC-dependent increase in Na+/H+ antiport activity in VSMC which was not blocked by coincubation with actinomycin-D or cycloheximide suggested that this acute effect of high glucose occurred independently of the need for transcription and translation. This conclusion is further supported by the observation that short-term exposure of VSMC to high glucose did not increase the abundance ofNHE-1 mRNA. Previous studies of rat proximal tubule cells have demonstrated that acute activation of the Na+/H+ antiport after direct PKC activation with phorbol esters, also occurs without the need for transcription or translation (42) .
There are numerous potential mechanisms to explain the acute, PKC-dependent, glucose-induced increase in Na + / H + antiport activity in VSMC. One possibility is a phosphorylation-dependent increase in the activity of existing antiporters or the activation of "dormant" membrane-associated antiporters. In support of this concept, Sardet et al. (41 ) demonstrated that the Na+/H+ antiport is rapidly phosphorylated in response to various mitogens and concluded that this phosphorylation of the Na+/H+ antiport is temporally correlated with its activation. That the magnitude of phosphorylation could regulate the rate of Na + / H + exchange is also suggested by the finding that vanadate, an inhibitor ofphosphatases, activates Na+/H+ countertransport in A43 1 cells (44) . Additional experiments support the hypothesis that PKC is one of the kinases responsible for this phosphorylation in VSMC (38) (39) (40) . It is conceivable, however, that PKC-dependent activation of the Na+ /H+ antiport could occur via phosphorylation of an ancillary, regulatory protein rather than direct phosphorylation of the antiport itself. An alternative mechanism of Na+/H + antiport activation is that glucose-induced PKC activation could promote the exocytic insertion into the plasma membrane of antiporters previously stored in the cytoplasm. Such a "shuttling" process has been demonstrated for angiotensin II-induced increases in Na+/H+ antiport activity in renal proximal tubular cells (45) and many other transporters in various cell types (46) (47) (48) (49) . Finally, direct PKC activation by PMA has been shown to increase Na+/H+ exchange by causing an alkaline shift in the pHi dependence of the antiport in rat thymic lymphocytes (50) and NHE-l-transfected cell lines (51 ) . This could occur via a PKC-dependent alkaline shift in the pHi responsiveness of an allosteric modifier site on the cytoplasmic surface of the cell membrane (50, (52) (53) (54) . There are therefore, numerous potential mechanisms whereby glucoseinduced PKC activation could promote an acute increase Na / H + antiport activity in VSMC.
Continued exposure to high extracellular glucose concentrations for up to 24 h induced a sustained activation of the Na+/H+ antiport in VSMC, also via a PKC-dependent process. The kinetic basis for this glucose-induced increase in Na+/H+ antiport activity was not specifically examined in the present study. It is important to note, however, that the assays of Na+ uptake and Na+-dependent pHi recovery were performed using extracellular Na+ concentrations (Na+) of 125 and 145 mM, respectively. These Na+ concentrations greatly exceed the Na+/H' antiport Km for Na+ (I 51 mM) (52); thus it is extremely unlikely that the measured increase in Na + / H + antiport activity using these experimental conditions represents anything other than an increase in the V. of the antiporter. Concordant with this conclusion, in almost all instances, sustained increases in Na+/H+ antiport activity in response to a variety ofbiological stimuli have been associated with an increase in antiporter Vm., which in some instances has been associated with increased synthesis of transporters (55) (56) (57) (58) (59) (60) (61) (62) .
Our observation that sustained high-glucose-induced stimulation of the VSMC Na+/H' antiport was inhibited by coincubation with actinomycin-D or cycloheximide also suggested that transcription and translation were required, perhaps indicating the need for the synthesis of new Na+/H+ antiporters to sustain the high-glucose-induced effect. This hypothesis is supported by our finding that sustained exposure to high-glucose medium also caused a threefold increase in the abundance of NHE-1 mRNA in VSMC. Whether this increase in steady-state mRNA was due to glucose-induced changes in transcription rate or message stability has yet to be determined. Our observation that sustained activation of the Na+/H' antiport by glucose requires the induction of transcription and translation is compatible with the studies of Berk et al. (37) , who concluded that the long-term regulation of the Na+/H+ antiport in VSMC involves alterations in gene expression. Moreover, the response ofthe Na+ / H + antiport to a variety ofchronic stimuli in different tissues appears to require gene transcription and translation to sustain an increase in Na+ /H + antiport activity ( 18, 42, 59, 60, 63) . It is noteworthy, however, that there may not always be a good correlation between steady-state NHE-1 mRNA abundance and Na+/H + antiport activity (35) . Moreover, the results of the cycloheximide and actinomycin-D experiments are also consistent with the possibility that sustained activation of the Na+/H' antiport requires the synthesis of a regulatory protein rather than direct synthesis of antiporters.
The intracellular signaling mechanism responsible for the high-glucose-induced increase in NHE-1 mRNA abundance has not been defined in the present study. Nevertheless, the fact that the sustained increase in VSMC Na+/H+ antiport activity is dependent on both glucose-induced PKC activation and gene transcription suggests that glucose-induced PKC activation may signal the increase in Na+/H+ mRNA. Concordant with this hypothesis, Horie et al. (42) recently demonstrated that long-term phorbol ester-mediated PKC activation leads to a chronic increase in both Na+/H+ antiport activity and mRNA expression in cultured proximal tubular cells. In this regard, PKC has been shown to regulate the expression of numerous different genes. These genes usually express "PKC responsive elements," i.e., various consensus sequences in the 5' flanking region ofthe gene that mediate PKC-responsive regulation of gene expression (64) (65) (66) . In various studies, PKC-induced regulation ofthese genes has been shown to be due to the binding of AP-1 or fos/jun dimers, to an AP-1 binding site in the regulatory region of the gene (64) . With this in mind, it is notable that the 5' flanking regulatory region ofthe gene coding for the Na+/H+ antiport examined in the present study contains three consensus sequences for AP-1 binding sites (67, 68) .
Together the aforementioned observations suggest that glucose-induced PKC activation leads to the activation of the Na+/H+ antiport in VSMC via an increase in antiport Vm,,. The acute activation occurs independently of new protein syn-thesis and gene transcription, whereas more sustained Na+/ H + antiport activation by elevated glucose concentrations does require protein synthesis and gene transcription and is associated with a threefold increase in NHE-1 mRNA abundance.
Glucose-induced increases in Na+/H' antiport activity in vascular tissue could have considerable significance with regard to the role of hyperglycemia in the pathogenesis of vascular disease and hypertension in patients with diabetes mellitus.
The Na'/H+ antiport has been shown to play a key role in the regulation of intracellular pH, cell volume, growth, differentiation, and contractility (7, 35, (69) (70) (71) (72) . Disordered VSMC growth is a pathologic feature of atherosclerosis and hypertension (73, 74) and increased Na+/H' antiport activity has been implicated in the development ofthese vascular growth abnormalities ( 13, 35, 75, 76) . It has also been suggested that Na+/ H + antiport hyperactivity could explain the relationship between abnormal Na+ homeostasis and Ca2" metabolism in essential hypertension and thereby contribute directly to enhanced vascular contractility (77) . The hypothesis that Na+/H+ antiport hyperactivity plays an important role in the pathogenesis of hypertension and vascular disease is supported by reports that both essential hypertension and diabetes mellitus are associated with increased Na+/H+ antiport activity in many tissues (2) (3) (4) (5) (8) (9) (10) (11) (12) (13) (14) (15) (16) . It has been suggested that increased Na+/H+ antiport activity in these circumstances is genetically determined and that interaction between genetic predisposition, environmental, metabolic and other factors eventually determines the evolution of hypertension and vascular disease in the individual (2, (4) (5) (6) 16) . For example, it is established that risk for vascular disease in diabetic patients is accentuated by the coexistence of hypertension and poor glycemic control (2) . An interaction between genetic influences on Na+/H+ antiport activity and our finding of a direct effect ofglucose on antiport activity could provide an explanation for this interaction at the cellular level, based on additive stimulation of the antiport. Furthermore, essential hypertension is also associated with abnormal glucose homeostasis (78-80). The findings of the present study provide a novel mechanism whereby metabolic factors, in addition to genetic factors, could directly influence Na+/H+ antiport activity in essential hypertension.
In conclusion, hyperglycemia is recognized to be an independent risk factor for the development of vascular disease. Hyperactivity of the Na+/H+ antiport has been implicated in the pathogenesis ofhypertension and vascular injury. The present study uniquely demonstrates that elevated glucose concentrations induce a sustained activation of the Na + / H + antiport and an increase in NHE-1 mRNA levels in vascular tissue via glucose-induced PKC-dependent mechanisms. These observations suggest a novel cellular mechanism that could explain the apparent synergism that exists between hyperglycemia and genetic factors in the clinical expression of vascular disease and hypertension in patients with abnormal glucose homeostasis.
